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INTRODUCTION 
It has  long been known  that  the  cytochrome system,  which  is  responsible 
for the major oxidative functions of the mammalian tissues,  is associated with 
insoluble particulate matter of the cells.  It is furthermore well established that 
the mitochondria are the sites of the oxidative reactions of the  cells and that 
the cytochrome system is localized in these cytoplasmic organelles. These two 
facts have led  to the logical suggestion by numerous workers (e.g.,  1-4)  that 
this  complex of oxidative enzymes may be fixed in  the  insoluble  membranes 
of  the  mitochondria.  The  strongest  support  for  this  view  has  been  recently 
presented in the publications of Watson and Siekevitz (5, 6). They have shown 
that, after disruption of isolated liver mitochondria, the oxidative enzymes are 
to be found in the insoluble residue and that electron micrographs of this residue 
show that it possesses some of the characteristics of mitochondrial membranes. 
We present data here which support and extend their observations. The mate- 
rial used for our studies is a preparation obtained from beef heart muscle which 
contains the  cytochrome system and displays both succinate  and  reduced  di- 
phosphopyridinenucleotide  (DPNH)  oxidase  activity.  The  properties of this 
enzyme preparation have been studied  in  some detail over the  past  10 years 
(7-13). The procedure employed for the purification of this complex of oxida- 
tive enzymes was designed to yield a preparation of maximum activity per unit 
of  dry weight;  and  no  regard  was paid,  in  developing  the  procedure,  to  the 
maintenance  of the  morphological integrity  of any of  the  components of the 
cell.  However, as will be seen from the  electron micrographs to be presented 
here,  the  preparation has a  morphological appearance which  leads us to con- 
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clude  that  it is composed  of membranous  material  of mitochondrial  origin.  In 
addition we have studied the effect of deoxycholate extractions upon the chem- 
istry and morphological appearance of this preparation.  Previous work (11,  13) 
has shown  that  deoxycholate solutions have the ability either to remove selec- 
tively some of the oxidative enzymes and  lipides from this particulate  enzyme 
preparation  or  to  solubilize  the  entire  complex,  depending  upon  the  strength 
of  the  deoxycholate  solutions  employed.  In  the  present  studies  we  have  ex- 
tracted  the enzyme preparation  twice with 0.5 per cent deoxycholate solution. 
Most  of the  lipide material,  which  comprises  almost  half of the  dry weight  of 
the  preparation,  is  thereby  removed.  The  residue,  which  contains  the  "core" 
of the cytochrome electron  transmitter  system,  is still structured  and  is mem- 
branous  in morphological appearance. 
Methods 
The procedure for the purification of the beef heart muscle preparation has been described 
in detail previously (7). Briefy, it consists of the removal of soluble components from minced 
heart muscle by repeated blending with water and centrifugation. The enzyme particles are 
then differentially removed from the rest of the insoluble material by variations in the salt 
concentration of the suspending medium coupled with centrifugation. This preparation  dif- 
fers from the well known Keilin and Hartree preparation (14) principally in that  acidification 
and  extraction  with phosphate  buffers  have  been purposely  avoided.  For  the  studies  pre- 
sented here, the precipitate from the last step was taken up either in water and adjusted to 
pH 6.6 or in phosphate buffer,  0.1 M, pH 7.0, which was made 0.05 M in sodium flouride.  The 
former procedure was used  when phosphorus determinations were to be made. It should be 
noted that the enzyme preparation at this stage, though particulate in nature, does not settle 
out even after standing several weeks in the cold. 
The particles containing all the enzyme activity may be thrown down by centrifuging at 
25,000 g for 1 hour at 2-5°C., and a semitranslucent reddish brown pellet is thereby obtained. 
We shall refer to this pellet as the "original enzyme pellet." Usually, 10 ml. quantities of the 
original enzyme preparation were employed for each pellet obtained. These pellets were em- 
ployed directly for some of the chemical data and for electron microscopy. If such pellets are 
resuspended in water or phosphate buffers,  all the enzymatic activities of the original prepara- 
tion are quantitatively recovered (13), but the particulate matter now rapidly settles out. 
Pellets so  obtained  were also  treated  further.  Five ml.  of 0.05  ~  glycyl-glycine buffer, 
pH 7.4 containing 0.5 per cent sodium deoxycholate was added to the pellet from 10 ml. of 
enzyme preparation.  The mixture was blended in a Potter Elvehjem type homogenizer and 
recentrifuged at 25,000 g for  1 hour at 2-5°C. The supernatant  was discarded, and  the pellet 
obtained was treated once more in the same fashion.  The resulting pellet was now homogen- 
ized with 5 ml. of distilled water and  once again centrifuged at 25,000  g.  The pellet which 
now formed was employed for further chemical studies and electron microscopic examination. 
This pellet will be referred to as the "deoxycholate-treated pellet." 
For the chemical studies,  suspensions  of the pellets were made by homogenization with 
water and aliquots of these suspensions  employed where necessary. 
Total nitrogen was determined by a micro-Kjeldahl procedure. Ammonia nitrogen was also 
determined by the same procedure, and the nitrogen values reported represent the difference 
between the total nitrogen values and the ammonia nitrogen. The determination of ammonia 
nitrogen is necessary since ammonium sulfate precipitation is used  in the preparation of the 
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Phosphate was determined by the method of Fiske and SubbaRow  (15). 
Enzymatic  activities were  determined  by  the  conventional  Warburg  manometric  pro- 
cedure at 37.2°C. Each vessel contained 2.0 ml. of 0.1 M phosphate buffer, pH 7.38; 0.2 ml. of 
0.5  M sodium  succinate,  or 0.6  ml.  of 0.2  M p-phenylenediamine; the  enzyme preparation 
(usually 0.1 ml.) ; cytochrome c to givea final concentration of 2 X  10  -~ M; and water to  make 
a  total volume of 3.0 ml. 
Observations on the change in optical density of the enzyme particles and  the measure- 
ment  of  absorption  spectra  were  made  at  room  temperature  in  a  Beckman  DU 
spectrophotometer, using a  cell with a  1 cm. light path. 
Dry weight was determined by precipitating the enzyme complex out of an aliquot of a 
suspension by the addition of an equal volume of 95 per cent ethyl alcohol. The precipitate 
was washed three times with 50 per cent ethyl alcohol, then transferred to a tared evaporating 
dish. The alcohol was evaporated off, and the residue  was dried over calcium  chloride over- 
night.  This procedure, as shown previously  (7),  yields values  similar to  those obtained  for 
dry weights on dialyzed samples of the enzyme preparation. 
Electron Microscopy--The pellets, (both "original" and  "deoxycholate-treated") obtained 
as described above,  were removed intact  by floating on a  cold (3°C.) solution of  1 per cent 
osmium  tetroxide,  buffered  to pH  7.4  in  an  acetate-veronal mixture  (16),  and  containing 
enough sucrose to raise the over-all osmolar concentration  to 0.44  M.  The pellet was  then 
sliced so as to obtain  representative samples from the center,  the periphery, and  the mid- 
portion; and  the pieces were fixed for 20 minutes to an hour in the cold osmium tetroxide 
solution. After fixation, the small blocks were washed briefly in 0.44 ~t sucrose, dehydrated in 
increasing concentrations of ethyl alcohol, embedded in n-butyl methacrylate, and sectioned 
with a  Porter and Blum microtome. Each of the blocks taken from the three different areas 
were sectioned at three different levels. The thin sections so obtained were mounted on carbon- 
coated grids and viewed with an RCA (EMU-2E) electron microscope. In all, a  total of three 
different enzyme preparations were prepared for electron microscopy. 
RESULTS 
Electron Microscopy.--Since the main components of the specimens examined 
with  the electron microscope were membranous in nature,  it may be helpful 
to  recall  that  the  membranous  structures  contained in  the  myocardium are 
mitochondria, the sarcoplasmic reticulum, the sarcolemma, and the membranes 
of nuclei. The mitochondria in heart, as in other organs (1,  17),  are biwalled 
structures consisting  of two parallel membranes--each appearing  as  a  dense 
line, approximately 50 to 60 A thick, separated by a light central area of about 
60 to 80 A  in width in nearly normally sectioned material. Within  the mito- 
chondria are numerous pairs of membranes which extend internally and some- 
times branch, and which appear to end as blind loops rather than crossing the 
entire organelle. These membranes  (cristae mitochondriales), which in favor- 
ably sectioned material can be seen to be continuous with the internal limiting 
membrane and the light area they enclose, are in their thinnest dimension (pre- 
sumably normal) of the order described for the two limiting membranes of the 
mitochondria. Within  the mitochondria, but outside the cristae,  is a  diffuse, 
fairly homogeneous matrix, within which are a few dense mitochondrial gran- 
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Appearance of the Original Enzyme Pellet.--No  attempt  was  made  in  the 
present  work  to  examine any of the  subfractions  obtained  in  the  process  of 
making  the  enzyme preparation.  The original  enzyme pellets,  obtained  from 
preparations  suspended  in  water,  were  remarkably homogeneous  in  appear- 
ance and showed no differences in color or consistency from periphery to the 
center of the pellet. They were semitranslucent, light brown, and gelatinous in 
character.  Those  which  were  obtained  from  preparations  suspended  in  the 
phosphate  buffer-fluoride mixture  had  a  similar appearance except  that  the 
bottom center of the pellet was opaque. 
Sections through various levels of the blocks of different areas of the pellets 
showed  that  the  entire  material was largely composed of thin  walled,  mem- 
branous, vesicular structures that were tightly packed (Fig.  1).  These vesicles 
varied from about 400 to 10,000  A in diameter and appeared to be completely 
hollow.  In  some instances  the  vesicular nature  was in  doubt  because spaces 
were found incompletely circled by a  wall or sometimes two adjacent vesicle- 
like  structures  shared  a  common wall. 
These  structures  were  mixed  with short,  straight  or curved,  membranous 
material similar to that making up the wall of the vesicle-like structures. Less 
frequently, small, dense, circular bodies 300 to 1000 A in diameter were irregu- 
larly dispersed. These were most common in the center of the pellet obtained 
from the material in phosphate buffer and were almost absent from the pellet 
of material which had been dispersed in water. Rarely, intact and swollen, but 
recognizable,  mitochondria  composed  of  external  membranes  and  cristae 
oriented in the usual fashion were found in the blocks made from the center of 
the pellet. The membranes in these mitochondria and those in the walls of the 
vesicles had an identical appearance. The intact mitochondria were relatively 
more numerous  in  the  water-suspended  material,  as was a  small  amount  of 
amorphous debris. 
The membranous material forming the wall of the vesicle had several features 
worthy of note. Typically, the wall was composed of two thin,  dense lines or 
membranes embedded in a lighter, homogeneous ground substance which filled 
the space between the lines and sometimes extended beyond them a  variable 
distance,  often more than  100  A  on each side.  The width of that part of the 
wall including only the dense membranes and the central light space was vari- 
able, the thinnest being about 140 A, of which the lines were about half or less. 
Sometimes a  single segment of wall enclosed several vesicles; and, under these 
circumstances, it was always the internal membrane which separated the spaces 
one from another, while the external one enclosed the whole group. Frequently, 
the wall of the vesicle was composed of only one dense membrane embedded in 
ground  substance.  Although  this sometimes occurred in the larger vesicles, it 
was more common in the smaller ones, which had an appearance suggestive of 
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a segment of the wall with no membranes apparent, though a similar appearance 
might result if membranes were obliquely sectioned. Although these findings 
fit well the appearance of mitochondrial membranes cut at various angles (17), 
it was felt, because of their regular occurrence, that some vesicle walls contained 
only one membrane. 
Deoxycholate-Treated Preparations.--Thin  sections  of  the  pellets  of deoxy- 
cholate-treated material revealed that it was composed of even more distinct 
membranous material  than  the  original enzyme pellet  (Fig.  2).  These mem- 
branes almost always occurred as pairs and were packed as sheaves or stacks 
of lamellae that were swirled and formed incomplete circles. Occasionally, one 
or more pairs of membranes enclosed a small vesicle. Besides the swirls of mem- 
brane  that  extended  for  a  varying  distance,  short,  straighter  pieces  of 
membrane also occurred frequently. There did not appear to be any distinguish- 
ing orientation of the pairs of membranes as a whole,  though several of them 
side by side would run in the same direction. 
Since all the material in this preparation was derived from the original enzyme 
preparation, the regular occurrence of paired membranes would suggest three 
possibilities: collapsed vesicles having one membrane in the wall; or two mem- 
branes in the wall; or segments of wall that contained two membranes. 
Each pair of thin, dense membranes and the space they enclosed averaged 
about 140 A in width, the membranes accounting for about half. Little variation 
was found in these measurements of the membranes, and the dimensions are 
similar to the smallest of those found in the original enzyme pellet. It should 
also be pointed out that  the membranes were not embedded in a  discernible 
matrix of ground substances as described in the original enzyme preparation. 
The outer top portion of the pellet contained some smaller segments of mem- 
brane,  indeed,  sometimes  appearing  almost  like  debris.  The  bottom  center 
portion,  especially  those  obtained  from  phosphate  buffer,  contained  some 
round dense bodies similar to those seen in the same area of the original enzyme 
pellet. These bodies seemed closely associated with membranes,  in fact often 
adhering to their sides.  In a few favorable instances, they appeared composed 
of bits of tightly packed membranes; but, in the majority, no internal structure 
could be made out because of their denseness. 
Biochemical Studies.--In Table I  are  presented data on the nitrogen, phos- 
phorous,  and dry weight content of the two  pellets. It can be seen from these 
values that the deoxycholate treatment has removed most of the total phos- 
phorus, 83.3 and 84.3 per cent, respectively, in the two experiments. As shown 
elsewhere (7), most of the total phosphorus (P) is present in the form of phos- 
pholipide. If it is assumed that all the P extracted is due to phospholipide, then 
multiplication of the P extracted by 25 gives roughly the amount of phospho- 
lipide removed. This calculated value is given in the table. Since the phospho- 
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(N)  atom is present  for each P. Hence it is possible to calculate the non-phos- 
pholipide N  extracted. This calculated value is also given in Table I. It shows 
that  a  considerable portion of non-lipide  N  material  is  also extracted  by the 
deoxycholate treatment.  This amounts to roughly a  little tess than half of that 
present in the original pellet.  Some of this,  if not all, is protein N, since it has 
been shown elsewhere (11, 13) that this type of deoxycholate treatment removes 
all  the  cytochrome c  of the  preparation  and  most of the  succinate  dehydro- 
genase. Unpublished experiments also show that DPN-cytochrome c reductase 
activity is extracted.  Spectroscopic observations on the deoxycholate extracts 
TABLE I 
Nitrogen, Phosphorus, and Dry Weight Content of the Enzyme Pellets 
[.  Dry weight mg. 
!. Total P mg. 
L Total N mg. 
L P--per cent of dry weight 
i.  N--per cent of dry weight 
k  N/P ratio 
r.  Phospholipide dry wt.* 
t.  Non-phospholipide N* 
Enzyme preparation No. 1 
]  Original  Deoxy-  cholate 
!  pellet  pellet 
!44.0 
'  0.766  0.128 
5.18  2.64 
1.74 
11.8 
6.76  20.6 
Amount 
extracted 
0.638 
2.54 
16.0 
2.25 
Enzyme preparation No. 2 
Original 
pellet 
42.0 
0.683 
5.31 
1.63 
12.9 
7.8 
Dexoxy- 
cholate 
pellet 
16.0 
0.107 
2.88 
0.67 
18.0 
26.9 
Amount 
extracted 
26.0 
0.576 
2.43 
14.4 
2.17 
* Calculated as described in text. 
All values are for the pellet obtained from 10 ml. of original enzyme preparation. 
The enzymatic activity of the two preparations  expressed in terms of 02 uptake per hour 
per 0.1 ml. of enzyme was as follows. With succinate as substrate,  Prep.  1, 277 #l.  Prep.  2, 
370 p.l; with para-phenylenediamine  as substrate,  Prep.  1, 448 #l.; Prep.  2, 460 #1. 
have been published  (11)  which show that  some of the  cytochromes a,  as,  b, 
and cl are removed. However, the final pellet still contains a  fair proportion of 
these cytochromes as is shown by the data presented  in Text-fig.  1.  Here the 
absorption  spectra  of the  components  of both  the  original  and  deoxycholate 
pellets are given as they appear after reduction by dithionite.  In both cases the 
pellet was "solubilized" by homogenization in a  4 per cent deoxycholate solu- 
tion in glycylglycine buffer, 0.05 M, pH 7.40. It will be seen that the intensity 
of absorption  at  605  m# due  to cytochrome a  and  as is very similar  in  both 
preparations.  However, in the case of the deoxycholate pellet,  there is a dimin- 
ished absorption in the regions 550 to 560 m/~ and 525 m#. This is a  reflection 
of the removal from the preparation  of all  the cytochrome c and  some of the 
cytochrome cl and b which absorb in the reduced state in these regions. It should 
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background  or non-specific absorption  as  compared  to  that  from the  deoxy- 
cholate pellet.  Indeed,  it is of interest  to point out in this  connection that,  in 
order  to  solubilize  the  deoxycholate-extracted  pellet  for  these  spectroscopic 
observations,  it  was necessary  to employ a  4  per  cent deoxycholate solution, 
whereas a 2 per cent solution suffices to solubilize the original pellet.  (We have, 
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TExT-FIG. 1. Absorption spectra, 4 per cent deoxycholate extracts of original and  deoxy- 
cholate pellets, reduced by the addition of solid dithionite. Curve 1, original pellet; Curve 2, 
pellet twice extracted  with 0.5 per cent deoxycholate. 
Each pellet, obtained by centrifuging 10 rnl. of the heart muscle preparation,  was homog- 
enized with 5 ml. of 4 per cent sodium deoxycholate in 0.05 ~ glycylglycine buffer, pH 7.40, 
and the small insoluble residue was centrifuged off. 
however,  employed 4  per  cent  deoxycholate  to solubilize  both pellets  for the 
data presented in Text-fig. 1 in order to keep the conditions comparable.) This 
fact suggests that  the solubilizing action of deoxycholate is facilitated  by the 
presence of lipide material.  It can also be shown that the final pellet possesses 
good  cytochrome  oxidase  activity  if  supplemented  with  cytochrome  c,  and 
that  it  can oxidize succinate  if both  cytochrome c and  the first  deoxycholate 1030  SUCCINATE  AND  DPNH  OXIDASE  SYSTEM 
extract are added (11). Thus the final pellet still contains what may be termed 
the hard core of the electron transmitter system. 
The membranous and vesicular appearance of the original pellet in the elec- 
tron micrographs suggested that a variation in the size of the particulate matter 
of the original enzyme preparation might occur as the molar concentration of 
its suspending medium was altered. Table II presents data on the light trans- 
mission of the original enzyme preparation suspended  in  various solutions. A 
decrease in density is observed as the molar concentration of either sucrose or 
sodium  chloride  (NaC1)  increases.  On  an  osmolar  basis,  sucrose  has  a  more 
TABLE II 
Effect of Changes in Molarity of Suspending Solution on Optical Density of the Original Enzyme 
Preparation 
Suspending  solution 
Water 
Sucrose 0.25 M 
NaC1 
0.5M 
1.0M 
0.075 M 
0.150 
0.3~ 
0.6M 
1.2M 
400 m/~ 
0.337 
0.281 
0.250 
0.184 
Optical density at wave length 
0.270 
0.254 
0.235 
0.225 
0.226 
520m# 
0. 208 
0.166 
0.138 
0.093 
0.151 
0.137 
0.121 
0.114 
0.110 
In each case 0.1 ml. of the original enzyme solution was added to 2.9 ml. of the suspending 
medium. 
Each value represents the average of determinations on three separate solutions. 
pronounced effect than NaC1, and the changes in density in the case of sucrose 
are almost linear over the concentration range studied. A plateau in the density 
readings seems to be attained in the case of the NaC1 solutions when the con- 
centration reaches 0.6 M. Whether the changes observed are the result of a  true 
osmotic effect is a  question which we are not prepared to answer at this time. 
It should be noted  that,  when  intact mitochondria are placed in  solutions of 
potassium chloride or sucrose of different molarity, the change in optical density 
is the opposite of that observed here (18, 19). A  decrease in the molarity of the 
suspending medium  causes  the mitochondria to  swell and  the optical density 
decreases. 
DISCUSSION 
The electron micrographs presented here of a  heart muscle enzyme prepara- 
tion  Which  displays all  the  enzymatic  activities  of  the  electron  transmitter ERIC  G.  BALL  AND  RUSSELL  J.  BARRNETT  1031 
system clearly indicates that  the preparation is primarily membranous in na- 
ture. That this membranous material is largely mitochondrial in origin seems 
highly reasonable on at least two counts. First, taking into account the method 
of its preparation, there is remarkable similarity of the membranous material 
with  that  found in  the  mitochondria.  Indeed,  considering  the  fact  that  the 
method of preparation was developed with a total disregard for the maintenance 
of morphological structure, the degree to which visible structures were retained 
with  membranes  in  their walls  was  somewhat  surprising  to  us.  Second,  the 
enzymatic activities displayed by this preparation are those which are known 
to  be  confined to  mitochondria.  We  are,  therefore, of  the  opinion  that  the 
preparation  consists  primarily  of  swollen  mitochondrial  fragments.  Though 
absolute purity cannot be claimed for the preparation, it is remarkably homo- 
geneous  from a  morphological standpoint.  This may simply reflect the  fact 
that in the intact myocardium the relative amount of mitochondrial membrane 
material is in far excess of that of other membranous materials. The prepara- 
tion may contain some bits of sarcoplasmic reticulum as well as nuclear and 
plasma membranes, though these were not recognizable. At any rate, the pres- 
ence  of  sarcoplasmic  reticulum  seems  unlikely  to  contribute  greatly  to  the 
morphological appearance, since this membranous structure swells abnormally 
in foreign media. Certainly, in the deoxycholate-treated preparations, its pres- 
ence seems highly unlikely, in view of the results of Palade and Siekevitz (20). 
The membranous nature of this enzyme preparation as revealed by the elec- 
tron microscope is of interest in relation to its high lipide content. As pointed 
out in 1949 (7), this preparation is rich in phospholipides. Numerous analyses 
have been performed since then that confirm and extend this observation. Over 
the years a  total of 15 preparations have been extracted with a  hot alcohol- 
ether mixture to remove the lipide material. The average value for the lipide 
content so obtained is 44 per cent, with the range from 37 to 50 per cent. As 
estimated from the phosphorus content, about one-half of this lipide is present 
as phospholipide or, on the average, some 22 per cent of the dry weight. The 
phospholipide is composed of about equal parts of phosphatidyl ethanolamine 
and phosphatidyl choline, and the ratio of the phosphorus to nitrogen content 
of the total lipide is close to one (unpublished results). The role of lipides in 
membrane  structure  and  permeability has  been  discussed  frequently before 
and needs no emphasis  at  this  time (cf.  Davson and Danielli  (21)).  It  is of 
interest, however, to consider the double walled, membranous structure of the 
mitochondrion in relation to its lipide content. Sj6strand and Rhodin (22) have 
suggested  that  this structure is composed of two dense layers sandwiching 8 
relatively non-dense one; the middle one is proposed as being lipide in nature. 
From Sj6strand's  (23)  or Palade's  (17)  dimensions of the various layers, the 
lipide material would occupy approximately 44 per cent of the total volume. 
At first glance, this surprising agreement between the lipide content and the 
size  of  the  central  area  might well  be  taken  for  support  of  Sj6strand 1032  SUCCINATE  AND  DPNH  OXIDASE  SYSTEM 
and Rhodin's hypothesis that the central layer is composed entirely of lipides. 
If this is the case, then we are faced with a peculiar problem in the deoxycho- 
late-treated material. Here the electron micrographs still show a  structure in 
which two dense layers or membranes enclose a less dense one, and the dimen- 
sions of these layers are not greatly different from those seen in the untreated 
material.  Yet  the  deoxycholate-treated material  contains very little, if any, 
of  the  phospholipide  of the  original  enzyme preparation.  With  the  removal 
of so much of the lipide material,  it is difficult to understand  why a  greater 
change has not occurred in the dimensions of this supposedly lipide layer. It 
may be argued that the deoxycholate treatment  has  removed only the phos- 
pholipide portion and left the non-phosphorus-containing portion of the lipides, 
which constitutes half of the total. This argument seems unreasonable to us, 
though  this  point  should  be  investigated.  If we assume  the  central  layer is 
lipide in nature and that removal of the lipide does not alter the spatial rela- 
tionship of the membranes one to another, then we are faced with the question 
as  to what  forces keep  these layers apart  and yet adjacent  to  one another. 
Further  investigations  on  the  deoxycholate-treated preparation  in  regard  to 
these points might  be worthwhile. 
Our use of the  term membrane  puts our position in agreement with other 
workers  (1,  5,  17)  who have defined and explained these structures in mito- 
chondria. We differ from Harmon (24), who proposed a  hydratable gel struc- 
ture for mitochondria with no limiting membrane or structured envelope. It 
would be surprising, indeed, if, beginning with a hydratable gel, we could arrive 
at the membranous structures in the original enzyme preparation and the de- 
oxycholate preparation,  considering the manner of preparation  and  purifica- 
tion. Especially in the latter case, where membranes were found piled one upon 
the other, but each membrane distinct, could we hardly explain this by fixation 
artifact with  osmium  tetroxide on closely adhering sheets of hydratable gel. 
On the other hand, it is quite clear, because of the purity of the preparations 
from a morphological standpoint,  that the membranous material appearing in 
the deoxycholate-treated fraction is the product of the disruption of the vesicles 
in  the  original  preparation,  and  that  the  occurrence and  structure  of these 
membranes  is  independent  of the  cell or  even of intact  mitochondria.  This 
treatment merely caused the walls of vesicles to become thinner with a loss of 
matrix material on either side of the membrane. 
If it  is accepted that  we are  dealing with fragments of the mitochondrial 
membranes  in  this preparation,  the  question which  next arises  is--does  the 
electron transmitter system comprise an intrinsic and appreciable part of this 
membrane structure, or is it merely a  minor contaminant? The treatment of 
the preparation with deoxycholate clearly indicates that certain components of 
this complex enzyme system may be fairly readily removed (e.g.  cytochrome c 
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tern of the membranes. It is thus possible that such components are held to the 
backbone structure or hard core of the membranes largely by physical forces 
in which the lipide components may play a role. Other components (e.g.  cyto- 
chromes a and as) of the system are more firmly incorporated and remain nearly 
unchanged in amount by the deoxycholate treatment. The work of Smith and 
Stotz (25)  would suggest that cytochrome oxidase might be bound by a chemi- 
cal linkage,  since to obtain this component in solution,  these workers had to 
treat  their  heart  muscle  preparation  with  trypsin.  Such  components  may, 
therefore, be an integral part of the basic membrane structure itself. 
It would be possible to give a more exact answer to the question raised above 
if a  quantitative appraisal  of the  content of each of the individual  enzymes 
of the electron transmitter system in this preparation could be made. At present 
this cannot be done, though rough approximation of the content of two com- 
ponents can be made. Using the activity and molecular weight given by Singer 
et  al.  (26)  for purified  succinate dehydrogenase  and  assuming  these may be 
applied to the data given in Table I, it is possible to calculate that 10 per cent 
of the lipide-free material in our original enzyme preparation is succinate dehy- 
drogenase. A similar calculation for cytochrome c, based on the cytochrome c 
content of the original pellet (13), the data given in Table I, and the assumption 
of a molecular weight of 13,000, yields a value of 1.2 per cent. Now also present 
in this enzyme complex are cytochrome a  q-  a3, cytochrome cl, cytochrome b, 
the  unknown  SN5949  sensitive  factor,  transhydrogenase,  and  DPNH-cyto- 
chrome c reductase (7-13). If these six components are present in nearly equi- 
molar amounts to those two already discussed,  it seems not unreasonable to 
conclude that the electron transmitter system may comprise a fairly significant 
portion of this membranous preparation. 
According to Palade (1), the christae of the mitochondria are formed by the 
invagination of the inner wall of the double membrane which surrounds each 
mitochondrion. Whether the inner and outer membranes are similar in compo- 
sition and both thus contain the electron transmitter system is an open question. 
Palade (1) has already advanced reasons for not favoring the localization of the 
oxidative enzymes in the outer membrane. In this connection it is of interest, 
however, to note that Storck and Wachsman  (27) and Mitchell (28)  have re- 
cently concluded that in microorganisms the cytochromes and some of the de- 
hydrogenases are found in the plasma or protoplast membrane which surrounds 
the bacterial cell.  If the oxidative enzymes of the mitochondria are limited to 
the inner membrane, then it would seem reasonable to conclude that the pro- 
duction of high  energy phosphate  bonds  is  also  similarly limited,  since  this 
process is so tightly coupled with oxidative reactions. Certainly the localization 
of the oxidative enzymes in the christae makes good sense, since it obviously 
greatly reduces the distance which succinate and the reduced pyridine nucleo- 
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On  the  other  hand,  the  presence of  the  oxidative  enzymes and  the  coupled 
phosphorylation mechanism  in  the  outer  membrane would  seem  to  offer an 
advantage from the standpoint  of diffusion and distribution  of ATP to other 
parts of the cell. It would, however, raise a question as to the availability of this 
membrane to  the  reduced  pyridine  nucleotides  formed within  the  mitochon- 
drion. 
The question of the arrangement of the various components of the electron 
transmitter system in or on a  membranous structure  such as is found in  the 
mitochondria is an intriguing one, especially when it is considered that all these 
components are  designed  to  interact  one  with  another  in  a  strictly ordered 
sequence.  As  discussed  elsewhere  (11),  this  ordered  sequence  appears  to  be 
achieved not only by a limited specificity of interaction of the individual com- 
ponents, but is also governed by their spatial location within or on this lipide- 
rich matrix with which our discussion deals. When one considers the dimensions 
of the mitochondrial membranes, the total number of the components acting in 
series, and the known molecular weights of some of them, the most reasonable 
arrangement would seem to be one in which the components are arranged in a 
linear fashion on the membrane like beads on a  string. Laminar sheets such as 
comprise the membrane could then be formed by a  side to side lengthwise co- 
hesion of these individual integrated chains of enzymes to form a mosaic, with 
perhaps lipide material serving in part as a cement substance. Such an arrange- 
ment should also facilitate the production of the three high-energy phosphate 
bonds that occur at three different points in the electron transmitter system as 
the electrons flow through it. 
SUMMARY 
Electron micrographs of a purified succinate and DPNH oxidase system pre- 
pared from heart muscle reveal that it has a vesicular appearance and is mem- 
branous in nature. In keeping with its vesicular appearance is the fact that light 
scattering  by this  preparation  shows marked  changes as  the  molarity of the 
suspending medium is altered. Treatment of this preparation with 0.5 per cent 
deoxycholate solutions removes a large part of the lipide material, which com- 
prises almost half of the dry weight of the preparation. The residue, which still 
contains the "core" of the cytochrome electron transmitter system, as shown by 
spectroscopic and enzymatic experiments, is still structured and is membranous 
in  morphological appearance. 
It  is  concluded  that  the  enzyme preparation  is largely composed of frag- 
mented mitochondrial membranes, and some of the consequences of the localiza- 
tion of the succinate and DPNH oxidase systems in or on these membranes are 
discussed. 
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EXPLANATION OF PLATES 
PLATE  318 
FIG.  1.  Electron micrograph  of a  thin  section of the original enzyme preparation 
obtained  from  a  water  suspension,  showing  the  vesicular arrangement  of  material. 
Vesicle with  two membranes  in its wall is indicated  at a,  with  one membrane  at  b, 
with a  wall composed of either ground substance or an obliquely sectioned membrane 
at  c, and  a  dense body at  d.  Straighter  double  membranes  appearing  like normally 
sectioned cristae are indicated at arrows.  ×  45,700. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  318 
VOL.  3 
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FIG. 2.  Electron micrograph of a  thin section of a deoxycholate preparation. This 
~preparation  in  its  entirety  consists  of  pairs  of  membranes.  Sometimes  they  are 
branched (b); often they are straight or sworled and occur in stacks (s) or heaps, and 
sometimes surround small vesicles (v). Small, dense, round bodies are also apparent. 
X  45,700. 
In some areas (see inset) the membranes have a distinct beaded appearance; but, 
since the size of the beads is close to that of the grain of the photographic emulsion or 
the grain of the embedding matrix, this may be artifact. ×  99,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
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